The Oman ophiolite consists of several massifs cropping out along a 500 km long band trending NW^SE along the coast of Oman; it is one of the best exposed sections of oceanic crust and mantle in the world. There is a gradient in igneous processes and composition in the ophiolite, with the northern massifs recording a polygenetic igneous history involving an increasingly important subduction component, whereas the southern massifs were formed primarily via a mid-ocean ridge basalt (MORB)-like, single-stage process at a submarine spreading ridge. In this study we use geochemical data from Wadi Tayin, which is one of the southern massifs of the Oman ophiolite, to constrain the composition and genesis of oceanic crust and upper mantle. The Wadi Tayin harzburgites are residues of partial melting that are as depleted as the most depleted mid-ocean ridge peridotites. They have low middle-to heavy rare earth element ratios, most probably reflecting melting close to and beyond the exhaustion of clinopyroxene. Like many abyssal peridotites, the Wadi Tayin samples show enrichment in highly incompatible elements, giving rise to U-shaped MORB-normalized trace element patterns. We favor the idea that this is caused by enrichment of highly incompatible elements along grain boundaries in peridotite, which may be the result of near-equilibrium partitioning between grain boundaries and grain interiors, rather than disequilibrium processes. Equilibrium partitioning between crystals and grain boundaries during melting and melt extraction is also our preferred explanation for ubiquitous high Pb contents relative to Ce and La in our samples as well as in most abyssal peridotites. The Wadi Tayin samples record substantial variability in terms of osmium isotopic composition and platinum group element (PGE) concentrations. The more radiogenic nature of the dunites and impregnated peridotites compared with the residual harzburgites may be due to relatively high 187 Os/ 188 Os in melt transported through the dunites. The presence of residual peridotites with whole-rock osmium isotopic compositions less radiogenic than MORB may be explained by melting of a veined (upwelling) mantle forming mixed melts in which much of the Os derives from veins with high Re/Os in a matrix of previously depleted peridotite. An important result of this study is that the shallowest samples are refertilized (i.e. anomalously enriched in incompatible elements), and record relatively high metamorphic closure temperatures.These observations suggest that migrating melt underwent crystallization during rapid cooling in the uppermost mantle during and immediately after ridge magmatism. A variety of geothermometers all yield the result that the stratigraphically highest harzburgites equilibrated at higher temperature than the deeper ones. The systematic decrease in closure temperature with increasing depth below the Moho transition zone probably reflects systematic variation in cooling rate as a function of depth in the Ã Corresponding author. Present address:
RECEIVED JANUARY 6, 2009; ACCEPTED OCTOBER 28, 2009
The Oman ophiolite consists of several massifs cropping out along a 500 km long band trending NW^SE along the coast of Oman; it is one of the best exposed sections of oceanic crust and mantle in the world. There is a gradient in igneous processes and composition in the ophiolite, with the northern massifs recording a polygenetic igneous history involving an increasingly important subduction component, whereas the southern massifs were formed primarily via a mid-ocean ridge basalt (MORB)-like, single-stage process at a submarine spreading ridge. In this study we use geochemical data from Wadi Tayin, which is one of the southern massifs of the Oman ophiolite, to constrain the composition and genesis of oceanic crust and upper mantle. The Wadi Tayin harzburgites are residues of partial melting that are as depleted as the most depleted mid-ocean ridge peridotites. They have low middle-to heavy rare earth element ratios, most probably reflecting melting close to and beyond the exhaustion of clinopyroxene. Like many abyssal peridotites, the Wadi Tayin samples show enrichment in highly incompatible elements, giving rise to U-shaped MORB-normalized trace element patterns. We favor the idea that this is caused by enrichment of highly incompatible elements along grain boundaries in peridotite, which may be the result of near-equilibrium partitioning between grain boundaries and grain interiors, rather than disequilibrium processes. Equilibrium partitioning between crystals and grain boundaries during melting and melt extraction is also our preferred explanation for ubiquitous high Pb contents relative to Ce and La in our samples as well as in most abyssal peridotites. The Wadi Tayin samples record substantial variability in terms of osmium isotopic composition and platinum group element (PGE) concentrations. The more radiogenic nature of the dunites and impregnated peridotites compared with the residual harzburgites may be due to relatively high 187 Os/ 188 Os in melt transported through the dunites. The presence of residual peridotites with whole-rock osmium isotopic compositions less radiogenic than MORB may be explained by melting of a veined (upwelling) mantle forming mixed melts in which much of the Os derives from veins with high Re/Os in a matrix of previously depleted peridotite. An important result of this study is that the shallowest samples are refertilized (i.e. anomalously enriched in incompatible elements), and record relatively high metamorphic closure temperatures.These observations suggest that migrating melt underwent crystallization during rapid cooling in the uppermost mantle during and immediately after ridge magmatism. A variety of geothermometers all yield the result that the stratigraphically highest harzburgites equilibrated at higher temperature than the deeper ones. The systematic decrease in closure temperature with increasing depth below the Moho transition zone probably reflects systematic variation in cooling rate as a function of depth in the mantle section. We hypothesize that the refertilization and higher closure temperatures recorded by the uppermost mantle samples are linked. More rapid cooling led to higher closure temperatures, and to partial crystallization of migrating melts in the shallowest part of the mantle section, yielding slightly elevated abundances of elements such as Ca and Na, and incompatible trace elements.
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I N T RO D UC T I O N
The Oman ophiolite ( Fig. 1) provides complete sections through the igneous crust and the uppermost mantle formed at an oceanic spreading center. The presence of pillow basalts underlain by a continuous layer of sheeted dikes demonstrates that the crust formed at a submarine spreading center. The Oman ophiolite has long been a focus of study because of its excellent exposures over a large area, and the geochemical similarity between Oman samples and mid-ocean ridge samples. The compositional similarities between residual peridotite, gabbro and lavas from Oman and from mid-ocean ridges indicate that magmatic processes are similar in both settings (e.g. Pallister, 1981; Pallister & Knight, 1981) . Major and trace element equilibrium between primitive lavas, sheeted dikes, primitive lower crustal gabbros and dunite melt conduits in the residual mantle section show that all are part of a co-genetic package formed at the spreading ridge (e.g. Kelemen & Dick, 1995; Kelemen et al., 1997) , as confirmed by Nd isotope data (McCulloch et al., 1981; Sharma & Wasserburg, 1996) . This study focuses on samples from the mantle section of the southernmost massif of the Oman ophiolite, the Wadi Tayin massif. This massif consists of an extensive mantle section overlain by a 5^7 km thick crustal gabbro section and a nearly continuous layer of dikes and pillow lavas ( Fig. 1 ) (e.g. Boudier & Coleman, 1981; Pallister & Hopson, 1981) . The crust^mantle boundary in the Wadi Tayin massif dips 20^308 to the south (Boudier & Coleman, 1981; Pallister & Hopson, 1981; Nicolas & Boudier, 2001 ) and the underlying mantle section extends for 20^30 km north of this contact. Thus, it is inferred that the mantle section of the Wadi Tayin massif has a structural thickness of more than 10 km.
The Samail massif, just to the west, has a generally flat-lying crust^mantle transition , and so the depth extent of the mantle exposures is limited; the structural thickness of mantle peridotites is largest in the NE corner of the Samail massif, where it may reach 3 or 4 km. We have made detailed studies of mantle peridotites in this NE corner of the Samail massif (Wadi Lufti), just 10 km from the NW corner of the Wadi Tayin massif (Braun & Kelemen, 2002; Braun, 2004) and some data from those studies are incorporated into this work.
The mantle section of both the Wadi Tayin and Samail massifs is composed of residual harzburgite and minor lherzolite that host 5^15% discordant dunite (Boudier & Coleman, 1981) . The dunites occur as tabular veins and sheets with sharp contacts, ranging in width from 51cm to 100 m or more Braun & Kelemen, 2002) . The harzburgites are residues of partial melting and melt extraction, and are geochemically similar to the more depleted end of the abyssal peridotite compositional spectrum (Boudier & Coleman, 1981; Gregory, 1984; Godard et al., 2000) . The dunites represent chemically isolated channels of focused melt transport through the harzburgites and were formed by melt^rock reaction between mid-ocean ridge basalt (MORB)-like melts and harzburgite (e.g. Kelemen et al., , 1997 Braun & Kelemen, 2001 Braun, 2004 ).
This study presents major and trace element, mineral and Os isotope analyses for a set of samples of dunite and harzburgite from the Wadi Tayin massif, spanning an estimated stratigraphic thickness of more than 10 km, with the objective of investigating spatial variability in the mantle section and of constraining upper mantle processes of melting and melt transport.
T H E O M A N O P H I O L I T E
The Oman ophiolite consists of several massifs cropping out along a 500 km long band trending NW^SE along the coast of Oman. It is one of the best exposed sections of oceanic crust and mantle in the world (Fig. 1) . On the basis of radiometric age data, crustal thickness, a general lack of paleo-fracture zones, a nearly continuous layer of gabbro between volcanic and mantle rocks, and other geological observations, it is probable that it formed at a medium-to fast-spreading ridge like the East Pacific Rise (EPR) or the Juan de Fuca Ridge (e.g. Tilton et al., 1981; Nicolas, 1989) . For summaries of previous work on the Oman ophiolite, the reader is referred to Pallister & Knight (1981) , Pearce et al. (1981) , Alabaster et al. (1982) , Lippard et al. (1986) , Lorand & Ceuleneer (1989) , Ildefonse et al. (1993) , Nicolas et al. (1994 Nicolas et al. ( , 1996 Nicolas et al. ( , 2000 , Kelemen et al. ( , 1997 , Nicolas & Boudier (1995) , Hacker et al. (1996) , Holtzman et al. (2000) , Braun & Kelemen (2002) , Takazawa et al. (2003) , Arai et al. (2004) and Monnier et al. (2006) .
Volcanic rocks are best exposed in the northern massifs of the ophiolite; there the main lava series, the Geotimes and Lasail volcanics, are tholeiitic basalts and andesites. The lower Geotimes series lavas have rare earth element (REE) and trace element contents similar to MORB (e.g. Alabaster et al., 1982; Godard et al., 2003) . However, they also include andesites and dacites, which are rare among mid-ocean ridge lavas (e.g. Pearce et al., 1981) . Nicolas et al. (2000) showing the study area in the Wadi Tayin mantle section (red rectangle); sample locations are shown by green circles. Schematic cross-section of same sample transect is also shown with inferred sample depths; harzburgite samples are shown as green circles, dunite samples as red circles. The green line dissecting the sample area is the location of the Makhibiyah shear zone from Nicolas & Boudier (2008) .
The younger Lasail lavas, which overlie the Geotimes series in the northern massifs, are depleted in REE relative to MORB and are geochemically similar to lavas found above some subduction zones (Pearce et al., 1981; Alabaster et al., 1982; Lippard et al., 1986; Ernewein et al., 1988; Ishikawa et al., 2002) , although isotopically the Lasail lavas are indistinguishable from the Geotimes lavas . Also in the northern massifs, primitive, orthopyroxene-rich gabbronorites and pyroxenites are abundant in the lower crust and as intrusions into shallow mantle peridotites (Smewing, 1981; Juteau et al., 1988a Juteau et al., , 1988b Reuber, 1988; Reuber et al., 1991; Lachize et al., 1996; Boudier et al., 2000) , consistent with the presence of depleted, primitive andesite magmas. Such primitive, orthopyroxene-rich cumulates are rare among oceanic samples. 'Wehrlitic' intrusions and pyroxenites are also present in the mantle and lower crustal gabbros and their genesis has been extensively discussed (Juteau, 1988; Juteau et al., 1988; Reuber, 1988 Reuber, , 1991 . True wehrlites and pyroxenites are rare or absent among samples of crust formed at mid-ocean ridges. Finally, spinel in mantle harzburgite and dunite in the northern massifs has molar Cr-number [100 Â (Cr/(Cr þAl)] greater than 75 (e.g. Lippard et al., 1986; Auge¤ , 1987; Ahmed & Arai, 2002; Araihich et al., 2004) , unlike that in oceanic peridotite samples, in which spinel consistently has a Cr-number less than 70 (Dick & Bullen, 1984) .
The southern massifs of the Oman ophiolite, commonly known as the Samail and Wadi Tayin (or Ibra) massifs, lack many of the features listed above, which distinguish the northern massifs from crust and residual mantle formed at mid-ocean ridges. In the southern massifs, some lavas have trace element characteristics that are identical to MORB, whereas others lie just outside the MORB field on discriminant plots (e.g. Pallister & Knight, 1981; Braun, 2004) . Primitive gabbroic rocks in the lower crust of the two massifs do not contain orthopyroxene (e.g. Pallister & Hopson, 1981; Korenaga & Kelemen, 1997; Kelemen et al., 1997; Garrido et al., 2001; Koga et al., 2001) . Peridotites have spinel Cr-numbers that generally overlap the more depleted end of the range for dredged oceanic mantle samples (e.g. Braun, 2004) . Residual harzburgites record 'near fractional' partial melt extraction and are geochemically similar to abyssal peridotites Godard et al., 2000; Le Me¤ e et al., 2004; Monnier et al., 2006) . Dunites within the mantle section represent channels of focused melt transport through the harzburgites, and were formed by melt^rock reaction between MORB-like melts and harzburgite Braun & Kelemen, 2002; Braun, 2004) .
In the Samail and Wadi Tayin massifs small, late-stage websterite and gabbronorite intrusions are rare and confined to the mantle section (e.g. Boudier & Coleman, 1981; Amri et al., 1996; Benoit et al., 1996; Kelemen et al., 1997; Python & Ceuleneer, 2003) . Such orthopyroxene-rich cumulates may be correlative with small gabbronorite intrusions into peridotite dredged and drilled at mid-ocean ridges (Ross & Elthon, 1993; Benoit et al., 1999; Nonnotte et al., 2005) . Lower crustal 'wehrlites' in the southern Oman massifs are all, or almost all, melanocratic (plagioclase-poor) olivine gabbros. Pallister & Hopson (1981) did show a photomicrograph of a plagioclase-free wehrlite, but despite extensive sampling from the same outcrop, and elsewhere in the Samail and Wadi Tayin massifs, we have been unable to recover any plagioclase-free wehrlites. Pallister & Hopson (1981) emphasized that true wehrlites are rare in the southern Oman ophiolite and estimated that melanocratic gabbro intrusions make up about 5% of the crustal section in the Wadi Tayin massif.
In summary, the southern massifs of the Oman ophiolite are relatively similar to mid-ocean ridges, unlike the northern massifs. Thus, we hypothesize that there is a gradient in igneous processes and composition of the Oman ophiolite as previously suggested by Godard et al. (2003) , with the northern massifs recording a polygenetic igneous history involving an increasingly important subduction component, whereas the southern massifs were formed primarily via a MORB-like, single-stage process at a submarine spreading ridge. Thus, we use geochemical data from the southern massifs of the Oman ophiolite to constrain the composition and genesis of oceanic crust and mantle.
There remain some differences between the southern massifs and normal spreading ridges, particularly the slightly high Th/Nb and SiO 2 in some Wadi Tayin lavas, and slightly high spinel Cr-number in some Wadi Tayin peridotites compared with mid-ocean ridge samples. Whether or not the southern massifs of the Oman ophiolite were formed at a 'normal' mid-ocean ridge (Braun, 2004) , in a suprasubduction-zone setting, or via the unique processes of ophiolite obduction is still uncertain, but we believe resolving this question is not of great importance in applying observations from the southern Oman massifs to constraining igneous processes at oceanic spreading centres.
S A M P L E S A N D A N A LY T I C A L M E T H O D S
The mantle section of the Wadi Tayin massif was sampled along a NNE^SSW transect covering its entire structural thickness, which is more than 10·5 km. For this study, 27 samples of harzburgite and dunite were analyzed for major and trace element concentrations, Os isotopic composition and platinum group element (PGE) concentrations. Most samples have also been analyzed for their constituent mineral compositions. Depth below the Moho is estimated from the strike and dip of the Moho and the distance to the Moho, and is listed in Table 1 
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UTM coordinates for each sample. Our sample transect is intersected by the Makhibiyah shear zone ( Fig. 1) , which is described as having no or little relative motion between the two adjacent blocks (Nicolas & Boudier, 2008) . Harzburgites are coarse grained (1^5 mm) and have 10^15% orthopyroxene, $5% spinel and $85% olivine, which is about 50% serpentinized. Trace ((1%) amounts of clinopyroxene are found in one of the samples from this study, but may be present everywhere in very small abundances and perhaps not seen in thin section. Dunites are also coarse grained (1^5 mm) and consist of more than 90% olivine (about 50% serpentinized) and 5^10% spinel. Orthopyroxene has not been observed in any of the samples; clinopyroxene has been observed ((1%) in two samples and, as for the harzburgites, may be ubiquitous in trace amounts. Whole-rock major elements and Ni, Sc, Ti, Co were analyzed by X-ray fluorescence (XRF) at the WSU Geoanalytical Laboratory; a description of the analytical procedures as well as analytical uncertainty has been given by Johnson et al. (1999) . Trace elements were analyzed by inductively coupled plasma mass spectrometry (ICP-MS) at the University of Montpellier (see Godard et al., 2000, for analytical details) . Major and trace element analyses are given in Table 1 .
Olivine, orthopyroxene, clinopyroxene and spinel were analyzed for their major element compositions by wavelength-dispersive spectrometry using a JEOL JXA-733 Superprobe at the Massachusetts Institute of 
(continued) Technology. The accelerating voltage and beam current used were 15 kV and 10 nA, respectively. Typical counting times were 20^40 s and 1s standard deviations of the counts were 0·5^1% (see Chatterjee et al., 2005 , for analytical details). Mineral analyses are given in Tables 2^5.
Os isotopic analyses were carried out at the University of Maryland using Carius tube digestion (Shirey & Walker, 1995) and negative thermal ionization mass spectrometry (N-TIMS), and at Woods Hole Oceanographic Institution (WHOI) using NiS flux fusion digestions 91·29  91·88  90·92  90·91  90·61  90·76  90·70  90·69  90·40  90·64  90·74  91·28  90·35  91·10   Wo  1·74  1·25  1·40  1·28  1·27  0·94  1·21  1·58  1·86  2·19  6·58  3·62  2·43  4·68  4·66   En  89·13  89·95  90·42  89·57  89·57  89·58  89·49  89·09  88·82  88·23  84·42  87·26  88·87  85·93  86·67   Fs  9·13  8·80  8·17  9·15  9·16  9·48  9·30  9·33  9·32  9·58  9·01  9·12  8·69  9·40  8·67   n  5  8  3  6  5  5  1  1 0  3  5  6  9  5  2  5 n, number of analyses. 40·14  40·70  40·48  40·17  40·52  40·32  40·08  40·14  40·20  40·22  40·37  40·44  40·54  40·51  40·54 TiO 2 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·01 0·01 0·00 0·01 0·00 0·00 0·01 0·00
Cr 2 O 3 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·00 0·01 0·01 0·02   FeO  9·13  8·77  7·90  8·74  8·99  8·97  9·20  9·13  9·02  9·41  10·03  9·09  8·73  9·79  9·11   MnO  0·12  0·12  0·10  0·12  0·14  0·12  0·13  0·13  0·14  0·14  0·14  0·12  0·13  0·15  0·12   MgO  51·16  50·13  51·78  51·25  50·88  50·54  51·12  50·82  50·60  50·34  50·64  49·91  51·86  50·82  51·30   CaO  0·02  0·02  0·02  0·02  0·03  0·02  0·02  0·02  0·04  0·02  0·02  0·02  0·03  0·04  0·08   NiO  0·39  0·40  0·40  0·41  0·40  0·40  0·40  0·40  0·39  0·40  0·40  0·42  0·42  0·36  0·39   Total  100·99 100·14 100·69 100·73 101·00 100·39 100·96 100·67 100·41 100·54 101·62 100·00 101·72 101·68 101·61   Fo  90·90  91·06  92·12  91·26  90·98  90·94  90·83  90·84  90·91  90·51  90·00  90·73  91·37  90·25  90·93   n  3  8  3  3  3  3  3  7  3  3  5  4  2  2  3 (continued)
JOURNAL OF PETROLOGY (Ravizza & Pyle, 1997) followed by ICP-MS sparging (Hassler et al., 2000) . For Carius tube digestion, 1g of sample powder was placed in a thick-walled borosilicate glass vessel. Reverse aqua regia (two parts concentrated HNO 3 and one part concentrated HCl) and a tracer solution enriched in 185 Re and 190 Os were added to the vessel, which was then sealed and held at 2408C for 3 days. The closed-system nature of this method ensures no volatile loss of Os, and the high temperatures and highly oxidizing nature of aqua regia ensure that the mixed Os and Re tracer equilibrates with the Os and Re in the sample. Re was extracted by anion exchange chemistry; Os was extracted by carbon tetrachloride solvent extraction, followed by stabilization in 9N HBr, and finally purified by microdistillation. Os was analyzed by N-TIMS, and Re by ICP-MS. Osmium was measured on Pt filaments using the MAT 262 thermal ionization mass spectrometer at the University of Maryland, with a typical precision (2s) of 50·3% (Creaser et al., 1991; Volkening et al., 1991) . Osmium and Re processing blanks are 53 pg and 510 pg, respectively (see Lee et al., 2000 , for complete analytical details). Ravizza & Pyle (1997) described the low-blank method for analyzing Os isotope ratios and complementary PGE concentrations on the same sample split using NiS fire assay, and a brief summary is given below. A mixed tracer enriched in 99 Ru, 105 Pd, 190 Os, 191 Ir, and 198 Pt is added to the sample prior to the NiS fire assay. After the fusion, the NiS bead is dissolved in 6·2N HCl and the remaining particulates are filtered through a 0·45 mm cellulose filter. The filter paper is dissolved in 1^2 ml concentrated HNO 3 and Os is oxidized to OsO at high temperature. After complete dissolution of the filter paper and oxidation of Os to OsO 4 , the sample is chilled in ice water in a sealed beaker. The acidic solution is then diluted 10-fold with ultrapure water and analyzed by sparging it into a single-collector, magnetic sector ICP-MS system (Finnigan ELEMENT) at WHOI (see Hassler et al., 2000 , for a detailed description of the sparging method). Whole-rock PGE concentrations were determined by isotope dilution using the same NiS fusions as for the Os isotope composition analyses, and were analyzed by conventional ICP_MS using an APEX desolvating nebulizer on a single-collector ICP_MS (ThemoFisher Element2) at WHOI. Re was analyzed by isotope dilution (also by ICP-MS at WHOI) on a separate aliquot following an HF^HNO 3 acid digestion and ion exchange separation procedure (Reisberg et al., 1991 (Reisberg et al., , 1993 Hauri & Hart, 1993) . Estimated NiS fusion blanks are 1 pg (0.5 to 2 pg) Os and Ir and 20^30 pg Pd and Pt. Os data analyses, PGE and Re concentrations are given in Table 6 .
Sulfur concentrations were measured at the University of Leicester (UK), by Saunders and coworkers, on a LECO CS 125 determinator. Samples along with iron and tungsten chip accelerants were loaded into a radio frequency induction furnace. The system was initially purged with oxygen, which then continued to stream throughout the combustion process. Power was applied until the accelerants were molten, and the sulfur was given off as SO 2 . The combustion gases were then passed through a drying tube of magnesium perchlorate and then to the SO 2 IR cell. The IR absorption cells used a tungsten filament as the source, heated to $8508C. The IR signal was then chopped at $85 Hz and filtered to achieve a monochromatic IR wavelength corresponding to the energy of the SO 2 absorption wavelength. The output from the cells was monitored at 4 Hz, converted from an analogue signal to a digital signal, and the areas of the peaks were integrated. These values were then corrected for sample weight, blank value and calibration factors to give the final result. The calibration used geological reference materials and synthetic standards. The lower limit of detection for S is 10 ppm with a precision of AE8%.
R E S U LT S Major and trace elements
The Wadi Tayin peridotites are generally as depleted in major and incompatible trace elements as the most depleted abyssal peridotites, or more depleted than them (Fig. 2) . However, there are exceptions. Of the 16 harzburgites and 11 dunites analyzed for this study, three harzburgites and four dunites are relatively enriched in incompatible trace elements and are interpreted (see discussion below) as having been re-enriched, probably via igneous processes. Although intergranular plagioclase, whose presence in highly depleted peridotites is almost certainly due to partial crystallization of cooling melt Harzburgites have MgO and FeO contents similar to those of many depleted abyssal peridotites (Fig. 2a and b) , but tend to have low Al 2 O 3 , SiO 2 and CaO (Fig. 2c^e) and incompatible trace element abundances as exemplified by Ce/Yb and Ti in Fig. 2e and f. Dunites have higher MgO and FeO Ã contents and lower SiO 2 , Al 2 O 3 and CaO than harzburgites, reflecting their higher olivine contents. In addition, dunites tend to be more completely serpentinized than harzburgites; thus, some of the chemical differences between dunites and harzburgites could be produced or enhanced by alteration. Molar Mg-numbers [100 Â Mg-number ¼ MgO/(MgO þ FeO)] are between 89·2 and 91·8 for both harzburgites and dunites. The compositions of, and differences between harzburgites and dunites are similar to those reported by Godard et al. (2000) and Monnier et al. (2006) . n, number of analyses. MORB-normalized whole-rock trace element abundances are plotted in Fig. 3 . Overall, the Wadi Tayin peridotites are characterized by having slightly U-shaped patterns reflecting relative enrichment of the most incompatible elements relative to the light rare earth elements (LREE). Similar patterns were described by Godard et al. (2000) and Monnier et al. (2006) for other harzburgite and dunite samples from the southern part of the Oman ophiolite, and U-shaped patterns are also common in peridotites from other areas (e.g. Parkinson & Pearce, 1998; Bodinier & Godard, 2003; Niu, 2004; Paulick et al., 2006) . Apart from the overall U-shaped patterns, there are some notable features demonstrated in Fig. 3. (1) Across the entire incompatible element spectrum, the Oman peridotite samples have trace element concentrations at and below the lower limit for mid-ocean ridge peridotite data in the literature (Niu, 2004; Paulick et al., 2006) . (2) Unlike most mid-ocean ridge peridotites, the Oman samples have low middle to heavy REE (MREE/HREE) ratios, most probably reflecting fractionation of MREE from HREE during melting beyond the exhaustion of clinopyroxene. (3) All samples have a pronounced Pb enrichment relative to Ce and Nd and a small U enrichment relative to Th. (4) All but two harzburgites and all re-enriched samples have a pronounced Sr enrichment relative to Nd, whereas dunites that are not re-enriched either do not have Sr enrichment or have much less pronounced enrichment. Overall, dunites have similar or lower abundances of highly incompatible elements compared with harzburgites, and lower abundances of the moderately incompatible elements. This is also seen in Fig. 4 for chondrite-normalized REE abundances. Harzburgites have consistently steeper REE patterns, with higher HREE concentrations and similar LREE concentrations compared with dunites. The seven re-enriched samples generally have elevated LREE abundances and are LREE enriched compared with the rest of the samples. As noted above, of the seven re-enriched samples, six are from a high stratigraphic level, less than 550 m below the crust^mantle transition. The exception, dunite sample 52d, which is the deepest of all the samples from $10·5 km below the crust^mantle transition, has a spoon-shaped REE pattern (and very low abundances) and a markedly jagged trace element abundance pattern in Fig. 3 , suggesting a different origin from the other re-enriched samples.
Mineral compositions are given in Tables 2^5. Olivine molar Mg-number [Forsterite content ¼100 Â MgO/ (MgO þ FeO)] is similar in dunites and harzburgites (average of 90·9 for both groups) and slightly higher than the whole-rock Mg-number. Molar Cr-numbers [Cr-number ¼100 Â Cr 2 O 3 /(Cr 2 O 3 þ Al 2 O 3 )] in spinel range from 35 to 73 and are on average higher in the dunites (average of $60 for dunites and $50 for harzburgites; Fig. 5 ). With just a few exceptions, the Wadi Tayin samples presented here plot within the array formed by mid-ocean ridge peridotite samples (Dick & Bullen, 1984; Arai, 1994) towards the more depleted end, as do most of our data on spinels in harzburgite from the NE corner of the nearby Samail massif (Braun, 2004) . The exceptions in the Wadi Tayin data, with higher Cr-number than in mid-ocean ridge peridotites, are mainly spinels in dunites, and are similar to our extensive data on spinel in dunites in the Samail massif (Braun, 2004) . These have spinel Cr-number between 65 and 75, higher than in abyssal peridotites but lower than many samples from the northern massifs of the Oman ophiolite. However, it should be noted that this comparison with mid-ocean ridge samples is flawed because of the paucity of data on spinels in Dick (1989, and unpublished data) , Bodinier & Godard (2003) , Niu (2004) , Paulick et al. (2006) and Godard et al. (2008) . The data from Dick (1989, and unpublished data) are calculated whole-rock compositions from mineral analyses, all other data are XRF and ICP-MS on whole-rock. Red triangles indicate dunites; green circles, harzburgites; blue triangles and circles, re-fertilized dunites and harzburgites, respectively. mid-ocean ridge dunites. Dunites exposed on the seafloor at mid-ocean ridges are generally very heavily weathered and thus are commonly destroyed during dredging. Those dunites that are recovered are often too altered to recover primary spinel compositions. It could be that Cr-numbers in dunite spinels from mid-ocean ridges are higher than in corresponding residual peridotites from ridges, as in our Wadi Tayin and Samail datasets.
Orthopyroxenes in the harzburgites range from compositions similar to those in abyssal peridotites (H. J. B. Dick, 2007, pesonal communication; Dick, 1989) to compositions with lower CaO and Al 2 O 3 and higher Mg-number (Fig. 6) . Generally, harzburgites are somewhat less refractory in the upper part of the section compared with the lower part; that is, they have lower whole-rock Mg-number and higher whole-rock CaO and Al 2 O 3 , higher Na 2 O in orthopyroxene and lower Mg-number in olivine (Figs 6 and 7) .
In addition to these geochemical differences, mineral exchange thermometry yields higher temperatures for the uppermost mantle samples, compared with those deeper in the section. The generally high CaO contents of the orthopyroxene result in relatively high calculated temperatures using the Ca-in-orthopyroxene two-pyroxene solvus thermometer Figs 6 and 7) . Because discrete crystals of clinopyroxene are rare in these rocks, the use of the two-pyroxene solvus and Ca in olivineĉ linopyroxene thermometer could be problematic. For example, orthopyroxene undersaturated in clinopyroxene, as a result of extensive melting after the exhaustion of residual clinopyroxene, has low Ca contents that could yield spuriously low temperature estimates (Dick, 1977) . However, orthopyroxene crystals in the Oman harzburgites always include extensive clinopyroxene exsolution lamellae, and thus were clinopyroxene saturated over much of their cooling path. The overall temperature range calculated from Ca-in-orthopyroxene is 800^14008C. Temperatures calculated from other thermometers are lower (Figs 6 and 7) , as expected when comparing closure temperatures for net transfer reactions (pyroxene solvus) with temperatures for cation exchange reactions (Fe^Mg, Ca^Mg and Cr^Al exchange between olivine, orthopyroxene, clinopyroxene, and spinel). Correlation of the Ca-in-opx solvus and Ca in olivine^clinopyroxene exchange temperatures with temperatures from other thermometers suggests that all record closure temperatures along the same cooling path for each sample, which reinforces the hypothesis that the pyroxene solvus and Ca in olivine^clinopyroxene thermometry is valid.
Os isotopes and PGE concentrations
Osmium isotopic compositions, PGE concentrations and sulfur concentrations are given in Table 6 . In terms of 187 Os/ 188 Os, both harzburgites and dunites are within the range of abyssal peridotite compositions (Fig. 8) Fig. 3 . MORB-normalized trace element abundance patterns (Hofmann, 1988) ; (a) harzburgites, (b) dunites, (c) re-fertilized or impregnated samples, (d) lavas (blue squares) and dikes (black squares) from the Samail and Wadi Tayin massifs of the Oman ophiolite (J. A. Pearce 2005, pesonal communication) . Symbols as in Fig. 2 . Abyssal peridotites are shown in (a)^(c) in light gray (Niu, 2004) and yellow (Paulick et al., 2006 .001
1 Fig. 4 . Chondrite-normalized REE abundance patterns (Sun & McDonough, 1989) . Symbols as in Fig. 3 . (Braun, 2004) . Other symbols as in Fig. 2 . Ahmed et al. (2006) for chromitites from the Oman ophiolite. There is no systematic relationship between 're-enrichment' in incompatible trace elements and 187 Os/ 188 Os; instead, re-enriched samples have isotope ratios in the middle of the range for all samples. There is no correlation between Os isotopic composition and depth (not shown).
Harzburgites have flat PGE patterns and remarkably constant concentrations, except for the platinum and palladium concentrations, which vary by an order of magnitude (Fig. 9) . In dunites, PGE abundances are generally lower and more variable than in harzburgites. This difference is reflected in the Os/Ir ratios. Harzburgites have Os/ Ir ratios clustering tightly around unity, whereas Os/Ir in dunite ranges from 0·5 to 8·3 (Fig. 10) . Os/Ir ratios do not correlate with isotopic composition, abundance of any of the other PGE elements, sulfur concentration, sample depth, or loss on ignition.
T Ca Ol-Cpx (Sack & Ghiorso, 1991) vs Tcalculated using Ca exchange between opx and cpx ; (c) T calculated using Ca exchange between opx and cpx vs T calculated using Cr^Al exchange in opx (Witt-Eickschen & Seck, 1991) ; (d) T calculated using Ca exchange between olivine and clinopyroxene ) vsTcalculated using Cr exchange between spinel and olivine (Sack & Ghiorso, 1991) . For the thermometer utilizing Ca exchange between olivine and clinopyroxene, it is assumed that olivine in all rocks is in equilibrium with clinopyroxene, although clinopyroxene has only been found in three of the samples. For all harzburgitesT is calculated using the clinopyroxene composition from OM94-81, and for all dunitesT is calculated using the clinopyroxene composition from OM94-69. Small grey squares are peridotites in the Samail Massif (Braun, 2004) .
D I S C U S S I O N Highly depleted residues
The Wadi Tayin harzburgites are residues of partial melting that are as depleted as the most depleted mid-ocean ridge peridotites (H. J. B. Dick, personal communication; Dick, 1989; Johnson et al., 1990; Johnson & Dick, 1992; Dick & Natland, 1996; Niu, 1997 Niu, , 2004 Bodinier & Godard, 2003; Harvey et al., 2006; Paulick et al., 2006; Godard et al., 2008) . Across the entire incompatible element spectrum, the Oman peridotite samples have trace element concentrations at and below the lower limit for mid-ocean ridge peridotites. Unlike most mid-ocean ridge peridotites, the Oman samples have low MREE to HREE ratios, most probably reflecting melting close to and beyond the exhaustion of clinopyroxene. Spinel Cr-numbers in the Oman harzburgites generally lie within the high end of the field defined by spinels from mid-ocean ridge peridotites; some spinel Cr-numbers in Oman dunites are higher than those in mid-ocean ridge dunites, although there are very few data on mid-ocean ridge dunites. Our data are consistent with previous work on Samail and Wadi Tayin peridotite compositions Monnier et al., 2006) , and our conclusions are enhanced by the availability of comparable data for whole-rock compositions of mid-ocean ridge peridotites (Niu, 2004; Paulick et al., 2006) .
The conclusion that Wadi Tayin harzburgites are residues of higher degrees of melt extraction from a fertile mantle source, compared with typical mid-ocean ridge peridotites, raises several questions. (1) Did partial melting beneath the Oman spreading ridge take place at unusually high temperature? (2) Or, was the H 2 O content of the mantle source beneath the Oman spreading ridge unusually high? (3) Alternatively, was the Wadi Tayin mantle source depleted by previous melt extraction, prior to the partial melting beneath the Oman spreading ridge? Klein & Langmuir (1987) and Langmuir et al. (1992) have previously suggested that crustal thickness in mid-ocean ridge and ophiolite sections is inversely correlated with Na 2 O concentration in clinopyroxene in primitive, crustal gabbros, relating thick crust to high degrees of meltingç and Na 2 O depletionçin the mantle source. Humler et al. (1999) showed that data from the Oman ophiolite lie at the high crustal thickness, low clinopyroxene Na 2 O content end of the spectrum, which suggests that options (1) and/or (2) are more likely than (3) in this case.
Enrichment in highly incompatible elements: caused by grain boundary partitioning?
The U-shaped MORB-normalized trace element patterns, common in these and other peridotites, have been explained in various ways by different researchers. Prinzhofer & Alle' gre (1985) , Kelemen (1986) and Table 6 for data). Abyssal peridotite data from Roy-Barman & Alle' gre (1994), Snow & Reisberg (1995) , Brandon et al. (2000) and Standish et al. (2002) (open circles for all), and Harvey et al. (2006) (yellow diamonds); MORB data from Gannoun et al. (2004) ; DMM data from Snow & Reisberg (1995) ; PUM data from Meisel et al. (1996) and Walker et al. (2002) . Navon & Stolper (1987) emphasized a possible role for trace element fractionation during reactive porous flow of melt through residual peridotites; this type of process has been extensively modeled subsequently (e.g. review by Bodinier & Godard, 2003) . Working specifically to explain the composition of peridotites from the Samail and Wadi Tayin massifs, Godard et al. (2000) showed that relative enrichment of REE in the main harzburgitic sequence can be successfully modeled with reactive porous flow at increasing melt mass with small amounts of trapped melt, and Bodinier & Godard (2003) pursued this line of reasoning further. Niu (2004) emphasized that in mid-ocean ridge peridotite samples, whole-rock REE patterns show more LREE enrichment, and sometimes even higher LREE concentrations, than clinopyroxenes in the same samples, and proposed that enrichment in highly incompatible elements is ubiquitous beneath spreading ridges from which peridotites have been sampled, and occurs via late, disequilibrium melt flow, crystallization ('impregnation') and reaction along crystal grain boundaries. Alternatively, Gruau et al. (1998) and Takazawa et al. (2003) proposed that U-shaped patterns might arise during alteration of depleted residual peridotites. The enrichments of highly incompatible elements in our Oman samples are smaller than in the Niu dataset for mid-ocean ridge peridotites. Some of our samples record re-enrichment, consistent with impregnation with intergranular plagioclase, whose presence in highly depleted harzburgites is almost certainly due to partial crystallization of cooling melt migrating along grain boundaries in a depleted residue. However, most of our samples do not contain any evidence for impregnation, and our harzburgite samples have major element and HREE concentrations that are consistent with a simple origin as residues of melt extraction. If 'cryptic' re-fertilization in the shallow mantle beneath ridges is the process responsible for the U-shaped patterns, why would it be ubiquitous in all residual mantle samples, and of similar extent in the residues as evidenced by the roughly parallel patterns?
Instead, we favor the relatively new idea that enrichment of highly incompatible elements along grain boundaries in peridotite may be the result of near-equilibrium partitioning between grain boundaries and grain interiors (Hiraga et al., 2004; Johnston & Schwab, 2004; Hiraga & Kohlstedt, 2007a , 2007b , rather than disequilibrium processes such as re-fertilization. Because grain boundaries a few microns wide constitute less than 1% of the volume of a rock with millimeter-sized crystals, this effect becomes important only when equilibrated grain boundaries have trace element concentrations that are hundreds to thousands of times higher than in crystal interiors. Although the picture is undoubtedly complicated by impregnation in some samples, we think that the grain boundary partitioning hypothesis best explains the fact that the Oman harzburgites are more depleted in all incompatible trace elements, from HREE to large ion lithophile elements such as Cs, Rb and Ba, compared with oceanic peridotites, whereas both groups show roughly parallel, U-shaped REE patterns. Detailed work on partitioning between grain interiors and boundaries, along with very detailed grain size analyses, would be needed to fully test this hypothesis.
Distinctive dunite geochemistry: conduits for focused porous flow of MORB
In general, the lower abundance of incompatible trace elements in Wadi Tayin dunites relative to harzburgites reflects the primary modal mineralogy, with relatively trace element-rich orthopyroxene making up 20% of the harzburgites, but being essentially absent in dunites. The harzburgites and dunites all have a few per cent spinel.
There is dramatic outcrop-scale variability in spinel abundance, especially in dunites, which can host 'chromitite bands' composed of almost 100% chromian spinel, varying in thickness from millimeters to meters. However, spinel abundance in general may be slightly lower in dunite compared with harzburgite. In our samples, harzburgites are generally richer in Ti than dunites, suggesting that orthopyroxene rather than spinel is the primary reservoir for Ti in these highly depleted residues. Nb and Ta concentrations are comparable in harzburgite and dunite, and thus these elements may be primarily hosted in spinel (or on grain boundaries) in both of these rock types.
In an important exception to the control of trace element abundances by the modal proportions of minerals in our samples, the range of LREE concentrations is the same in dunites and harzburgites. Thus, the dunites have high LREE/HREE ratios compared with the harzburgites. This is seen more clearly in mineral trace element data Braun, 2004) , in which REE concentrations in rare clinopyroxenes in dunites are consistent with equilibrium with primitive, MORB-like melts like those that form the Oman crustal section, whereas REE in harzburgite clinopyroxenes reflect equilibration with a strongly LREE-depleted melt composition, consistent with that of late instantaneous liquids formed by high degrees of near fractional melting. We interpret the contrasting characteristics of dunites to be a consequence of highly focused flow of aggregated, MORB-like melts within high-porosity, dunite conduits, preserving major and trace element disequilibrium between these aggregated melts and surrounding harzburgites.
Pb enrichment correlated with Th, Nb, La and Ce enrichment
In the MORB-normalized trace element diagram (Fig. 3) , all of our samples have striking U and Pb enrichment, and most samples also show large Sr enrichments. Similar enrichments are observed in mid-ocean ridge peridotite samples. The presence of relatively high Sr contents in harzburgites and re-enriched samples (including some dunites)çbut not in most Oman dunitesçsuggests that high Sr is due to the presence of tiny amounts of plagioclase, and/or that Sr is retained in residues by orthopyroxene, with an unexpectedly high distribution coefficient during melting. There is no correlation between Eu and Sr, however, and more detailed mineralogical work would be needed to constrain the host phase(s) for Sr. This is probably complicated by trace amounts of Sr-bearing carbonate formed during alteration, although there is no correlation between Sr and LOI.
The presence of high U concentrations, relative to Th, is probably due to alteration. We base this not on the Oman dataset, but on the observation that dredged mid-ocean ridge peridotites have extensive, rusty weathering products including clay minerals and carbonate, and have extremely high U/Th (Niu, 2004) , whereas drilled mid-ocean ridge peridotites from below the oxidized weathering horizon are greenish rather than rusty colored, generally lack carbonate, and have near-chondritic U/Th (M. Godard et al., 2009, pesonal communication; Paulick et al., 2006) .
The presence of high Pb contents, relative to Ce and La, in all of our Oman peridotite samples and in all mid-ocean ridge peridotites (Niu, 2004 ) is a fascinating enigma. We initially thought that high Pb might be hosted in either 'impregnated' plagioclase or secondary carbonate. However, both plagioclase and carbonate in peridotites have high Sr concentrations, whereas Pb and Pb/Ce in our Oman dataset, and in mid-ocean ridge peridotites, do not correlate with Sr or Sr/Nd.
Another option is that Pb is hosted in sulfide minerals. Sulfides in ophiolite peridotites can have different origins. They can be a residual solid phase during mantle melting, they can crystallize from dense sulfide melt retained in residual peridotites, they can precipitate during melt^rock reaction, or they can form during hydrothermal alteration (e.g. Ahmed & Arai, 2002; Bockrath et al., 2004; Alard et al., 2005) . Both primary and hydrothermal sulfide are known to be present in Oman peridotite samples (e.g. Ahmed & Arai, 2002) . There is no correlation between Pb concentration and S concentration (not shown). However, correlations of Pb concentration with other trace elements cast doubt on the possibility that Pb is hosted primarily in sulfide.
If Pb were hosted in dense sulfide melt or solid phase sulfide retained in residual peridotites during silicate melt extraction, one might expect Pb to behave as a compatible or only moderately incompatible element. Indeed, as one would expect from this scenario, Pb/Th, Pb/Ce and Pb/La ratios in our data and in mid-ocean ridge peridotites are negatively correlated with almost all incompatible element concentrations. In other words, the more depleted the sample, the higher the relative Pb enrichment. However, if Pb behaved as a compatible or moderately incompatible element during melt extraction, one would predict that Pb concentration would correlate best with Ni, Cr or HREE concentrations in these datasets, and/or that the least variable trace element ratios would be Pb/Ni, Pb/Cr, or Pb/HREE. Instead, among all the trace elements measured in the Oman peridotites and mid-ocean ridge peridotites, Pb concentrations correlate best with Th, Ce, La and Pr concentrations. [Correlation coefficients in the Niu (2004) dataset for mid-ocean ridge peridotites are Pb/Th 0·98, Pb/Ce 0·97, Pb/La 0·93, Pb/Pr 0·85, Pb/Nb 0·82, Pb/Ta 0·62.] The least variable ratios in the combined Wadi Tayin and mid-ocean ridge dataset are Pb/Ba, Pb/Th and Pb/La. These are not the characteristics that one would predict if Pb were compatible or moderately incompatible during melt extraction. Similarly, the high correlation coefficients for Pb with Th, Ce, La, Pr, Nb and Ta are not compatible with Pb enrichment via hydrothermal alteration. Th, Nb and Ta, in particular, are generally regarded as the trace elements in igneous rocks that are the least soluble in aqueous fluids, and therefore are least subject to hydrothermal alteration (Brenan et al., 1995; Stalder et al., 1998) .
In summary, most traditional explanations for Pb enrichment do not seem to fit the data particularly well. It is unlikely that Pb is hosted in 'impregnated' plagioclase or hydrothermal carbonate, because Pb enrichment is not correlated with Sr enrichment. It is also unlikely that Pb is enriched in a residual sulfide phase, because the Pb systematics are not those of a compatible to moderately incompatible element. Finally, it is unlikely that Pb was enriched via hydrothermal alteration, because Pb concentrations correlate most strongly with the concentrations of trace elements thought to be least mobile during hydrothermal alteration. As a result, the origin of the Pb enrichments in these and similar peridotites remains somewhat enigmatic. One possibility, compatible with all the data, is that Pb is enriched via equilibrium partitioning between crystals and grain boundaries during melting and melt extraction, as proposed for highly incompatible elements in general by Hiraga et al. (2004) and Niu (2004) . This would explain why Pb concentration is so closely correlated with highly incompatible trace elements, such thatç although it is enriched relative to La and Ce in all samplesçits concentration is lowest in low La samples and highest in high La samples. In essence, Pb in our samples and in mid-ocean ridge peridotites behaves like Th and Ba, and a similar explanation must be sought for enrichments in all three elements.
Osmium isotopes and PGE geochemistry
The osmium isotopic composition and PGE concentrations of these depleted mantle peridotites record substantial variability. An important observation is the more radiogenic nature of the dunites and impregnated peridotites compared with the residual harzburgites, and this may be due to relatively high 187 Os/ 188 Os in melt transported through the dunites. A similar interpretation has been proposed by Becker et al. (2001) for dunites in the Bohemian Massif, and by Buchl et al. (2002) for dunites in the Troodos ophiolite. This suggests that melt^rock ratios were high within the dunites (high enough to reset the isotope ratio for a compatible or moderately incompatible element), and that a significant proportion of the Os in the Oman mantle source was derived from a component with a distinctly more radiogenic Os composition than the ubiquitous depleted peridotite component represented by the residual harzburgite.
Data from mid-ocean ridges suggest that MORB glasses are also more radiogenic in Os than abyssal peridotites (e.g. Roy-Barman & Alle' gre, 1994; Snow & Reisberg, 1995; Schiano et al., 1997; Alard et al., 2005) , although there is some debate about this. Alard et al. (2005) showed that igneous sulfides in abyssal peridotites have a wide range of Os isotopic compositions, including values comparable with MORB. However, radiogenic compositions in some abyssal peridotites may be a seawater alteration effect (e.g. Snow & Reisberg, 1995 ). An isotopic difference between residual peridotite and MORB, probably not related to seawater alteration, has also been proposed on the basis of Nd isotopic compositions (Salters & Dick, 2002) .
The radiogenic sulfides described by Alard et al. (2005) are exclusively found in late-stage, texturally distinct, patches of clinopyroxene and spinel. These patches are interpreted as the result of reaction between residual peridotite and cooling, crystallizing melt entering the thermal boundary layer, and are therefore not a residual signature. Pb and Nd isotope data on clinopyroxene from abyssal peridotite are also consistent with an enriched component (radiogenic Pb, unradiogenic Nd) hosted in late, impregnated clinopyroxenes, and a depleted component hosted in older, matrix pyroxenes (Warren et al., 2003 (Warren et al., , 2009 . The presence of residual peridotites with whole-rock osmium isotopic compositions less radiogenic than MORB may be explained by melting of a heterogeneous (upwelling) mantle. Such a mantle would form mixed melts, in which much of the Os derives from areas (veins?) with high Re/Os in a matrix of previously depleted peridotite, thus giving rise to residual peridotites less radiogenic than the melts they formed.
Our Oman harzburgite samples have PGE abundances comparable with the most PGE-enriched abyssal peridotites, which is consistent with the PGE acting as compatible elements that are enriched in residues of relatively high degrees of melting. PGE abundances are generally lower and more variable in dunites compared with harzburgites, but they are still mostly within the range defined by abyssal peridotites. However, dunite Os/Ir ratios are highly variable, ranging from 0·5 to 8·3, whereas harzburgites and abyssal peridotites have Os/Ir ratios clustering tightly around unity (Fig. 10) .
The Os/Ir ratios in dunites do not correlate with Os isotopic composition, abundance of any of the PGE or sulfur concentration. Although we have made several replicate analyses of PGE in dunites, the variability of the dunite data might have resulted from incomplete dissolution during analysis, or a nugget effect reflecting small-scale inhomogeneous distribution of ultra-trace PGE host phases. Preliminary mineral analyses indicate that sulfides in the peridotites have variable Os/Ir ratios, and we speculate that Os/Ir fractionation in the dunites is controlled by igneous sulfides during melt extraction. This may arise because dunites are not simply just residues of partial melting, but instead form by reaction between decompressing melt and residual mantle peridotite. We assume that dense sulfide melt remains within the solid residue of silicate melt extraction during mantle melting. Because sulfur concentration in sulfide-saturated melt increases with decreasing pressure (Mavrogenes & O'Neill, 1999; Holzheid & Grove, 2002) , decompressing melts will dissolve some of the residual sulfide as they react with the surrounding peridotite, lowering residual sulfide concentration in dunites relative to host harzburgites. Assuming that PGE in peridotite are mainly hosted in sulfide (e.g. Hart & Ravizza, 1996; Alard et al., 2005) , and that the solubility of PGE in silicate melt is proportional to the sulfur concentration, this process should yield lower PGE concentrations in dunite compared with harzburgites.
From this point of view, the lack of correlation between sulfur and PGE concentrations in our samples may be due to the presence of low-PGE, secondary sulfide minerals formed during alteration. Alternatively, perhaps a significant amount of PGE are hosted in non-sulfide phases such as metals or alloys. Very detailed work will be required in the future to determine the relative importance of igneous and hydrothermal processes in producing the variability in PGE abundances observed in our Oman dunite samples.
High cooling rates and enriched incompatible elements in the uppermost mantle Dynamically, probably the most important result of this study is that the shallowest samples are re-fertilized (i.e. anomalously enriched in incompatible elements), and record relatively high metamorphic closure temperatures. These observations suggest that migrating melt underwent crystallization during rapid cooling in the uppermost mantle during and immediately after ridge magmatism. A similar conclusion was reached by Ceuleneer et al. (1988) and Takazawa et al. (2003) on the basis of microstructural analyses.
Ca-in-orthopyroxene, Ca^Mg exchange between olivine and clinopyroxene , Cr^Al exchange between orthopyroxene and spinel (Witt-Eickschen & Seck, 1991) , and Fe^Mg exchange between olivine and spinel (Sack & Ghiorso, 1991; M. S. Ghiorso, 2007, pesonal communication) all confirm that the stratigraphically highest harzburgites equilibrated at higher temperatures than the deeper ones (Fig. 7) . The correlation of the different thermometers involving distinct mineral pairs probably rules out systematic bias in the thermometry as a result of variations in bulk composition. Instead, the systematic decrease in closure temperature with increasing depth below the Moho transition zone probably reflects systematic variation in cooling rate as a function of depth in the mantle section.
A greater role for convecting fluids in the lower crust, perhaps extending into the uppermost mantle, compared with the deeper part of the section could explain these observations. In this context, perhaps the Moho Transition Zone acts as a permeability barrier during near-axis hydrothermal cooling. For example, the solid volume increase associated with serpentinization at Moho pressures could fill and seal porosity, preventing penetration of significant fluids to greater depth. In contrast, thermal contraction of plagioclase in cooling lower crustal gabbros may facilitate active hydrothermal convection extending to the Moho (Bosch et al., 2004; Nicolas & Mainprice, 2005) .
We hypothesize that the re-fertilization and higher closure temperatures recorded in the uppermost mantle samples are linked. More rapid cooling led to higher closure temperatures, and to partial crystallization of migrating melts in the shallowest part of the mantle section, yielding slightly elevated abundances of elements such as Ca and Na, and incompatible trace elements. 
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